Recently, consumer markets have shown great interest in sustainable products. Considerable research efforts are headed towards developing biodegradable and recyclable polymers and composites. In this study, the fabrication of a wood?plastic composite (WPC) via solid state compounding has been examined. Polyethylene terephthalate (PET) and wood sawdust waste as major components of waste and challenging materials for the manufacturing of WPCs have been explored. Furthermore, the addition of poly(?-caprolactone) as a biodegradable plasticizing agent was investigated. Composite powders were prepared by cryogenic solid-state milling (cryomilling) according to a statistical mixture design. Mechanical and water absorption properties were inspected on film samples obtained by hot pressing. Different formulations resulted in a variety of colors, textures, water interactions and mechanical properties. A sawdust content of approximately 25 vol.% was optimal for the best combination of properties. The results indicated that cryomilling is technically advantageous in the production of WPCs.
Introduction
The accumulation of non-biodegradable waste in any society triggers serious public concerns. Disposing of it into oceans, sewers, or landfills leads to air, soil, and water pollution. Recently, research, legislation, and money have been directed towards sustainable solutions to both cut down on the amount of waste and to recycle waste materials [1] . Green/sustainable products are defined as those composed of recyclable, recycled, and/or re-usable materials that emphasize reduced material use (light-weighting) and utilization of bio-derived materials [2] . Plastic constitutes a major component of the problematic waste as it is mostly non-biodegradable [3] . Furthermore, plastic recycling is quite challenging. Different levels of degradation of plastics due to repeated processing cycles and environmental exposure, different melting points, different fillers, and immiscibility of components complicate the recycling process [4, 5] . According to the US Environmental Protection Agency (EPA), in 2017, 25.1% of the municipal solid waste (MSW) produced in the US was recycled, 4.4% of which were plastics, which accounted for only 8.4% of all plastics produced [6, 7] .
In recent decades, research and industrial efforts on the development of composites from various wastes and recycled materials with natural fillers have increased significantly [8] . This study aimed to investigate the recycling of polyethylene terephthalate (PET) and sawdust (SD) to produce a wood-plastic composite (WPC) by utilizing a solid-state compounding route. PET is one of the most widely used non-biodegradable plastics [3] . It is a semi-crystalline thermoplastic polyester with high strength, good flexibility, transparency, and safety [9] . The term 'WPC' refers to any composite that contains plant (wood and non-wood) fibers and thermosets or thermoplastics, with an extensive use of thermoplastics [10] . Production and application of WPCs has considerably increased in the past few decades; WPCs replaced lumber used for residential applications, such as decking, siding, roofing, fencing, landscaping timbers, benches, window-and door-frames, and indoor furniture [11, 12] . Usage of WPCs is advocated to reduce the problems associated with shortage of trees, poor degradation resistance and low durability of chemically treated conventional timber, and environmental concerns over water quality from leaching chemicals [8, 13] . WPCs also offer great flexibility in the shapes and colors of the materials produced. Furthermore, WPCs from thermoplastics are potentially recyclable, because recovered material can be melted and re-formed [8] . In addition to that, the application of waste in WPCs offers great prospects for alleviating the waste disposal problem [14] .
WPC manufacturing processes generally consist of two parts: the first part is the compounding of the wood/polymer materials, typically by using a screw extruder, and the second part is fabricating the final product, typically via extrusion and molding techniques. Nevertheless, there are several challenges in the fabrication and recycling of WPCs. One of the main technical challenges is finding the right WPC composition to provide the appropriate characteristics such as color and shape stability, weathering, and biological resistance. Another challenge is the hydrophilic property of natural fibers, which lowers compatibility with the hydrophobic polymeric matrices during composite fabrications. This leads to a non-uniform dispersion of fibers within the matrix, poor fiber-matrix adhesion, and thus low mechanical properties. The third challenge is the low processing temperature that must be used because of the low thermal stability of the fibers [13, 15] . Excessive heat may be generated in the fabrication route, causing the WPC to burn [12] . Several studies have focused on improving the properties of WPCs and solving some of their fabrication challenges. Coupling agents are usually coated on the surface of the wood fiber, polymer, or both by compounding, blending, soaking, spraying, or other methods to improve the affinity and adhesion between the wood fibers and thermoplastic matrices in production [16] [17] [18] [19] . Different processing systems [19] [20] [21] [22] [23] , compositions [24] [25] [26] [27] , fibers [28] [29] [30] , fillers [31, 32] , and modifiers and compatibilizers [33] [34] [35] [36] have been investigated.
To the best of our knowledge, there are only two studies on WPCs made from recycled PET (rPET) and SD [23, 37] , and a few more studies on using natural fillers in a PET matrix [38] [39] [40] . However, there are no studies on using solid state blending to produce WPCs. PET has a high melting temperature (approximately 250-260 • C), challenging its use in WPCs. The present study intended to determine the capability of a solid-state blending approach, cryomilling, to fabricate WPC powders from PET waste. Furthermore, we added a biodegradable and flexible polymer, poly(ε-caprolactone) (PCL), as a plasticizer to tune the properties of the resultant WPC and enhance its processability and biodegradability [41, 42] . PET bottles and wood SD were utilized as waste raw materials after being subjected to a single use. A mixture experiment was designed to investigate the effects of mix components on the composite properties. Test specimens were fabricated using hot flat-pressing and water absorption, and mechanical properties were examined to establish the feasibility of this fabrication technique to create a WPC from waste. Finally, the experimental results were compared with reference values. The results indicated the technical feasibility of solid-state cryomilling in the production of WPCs, even with particularly challenging materials like PET.
Materials and Methods

Preparation of rPET WPC Powders
PET water bottles (1.5 L) were used in this investigation. Bottles were collected after single use, shredded and sieved to a particle size <8 mm, which is the maximum feed size for the 50 cm 3 grinding jar of the cryomill. Shredded PET has a melting temperature (T m ) of approximately 249 • C, and degree of crystallinity (X c ) of approximately 18% (as measured via differential scanning calorimetry (DSC)). The shredded PET was ball milled to a fine powder at a cryogenic temperature in a Retsch Cryomill Processes 2020, 8, 100 3 of 13 (Retsch GmbH, Haan, Germany). Seven grams of shredded PET, along with a single 25 mm stainless steel ball, were loaded into the 50 cm 3 cryomill grinding jar. The cryomill is equipped with a liquid nitrogen autofill system that continually feeds liquid nitrogen to keep the milling temperature at −196 • C. The cryomilling process consisted of 15 min of precooling followed by 5 cycles of milling; each cycle consisted of 2 min of ball milling at a frequency of 20 Hz followed by 0.5 min of intermediate cooling.
It is worth mentioning here that several trials were conducted to optimize the milling parameters; in particular, cryomilling was significantly more efficient on thick PET particles obtained from the bottom of the bottles; thereby, only these particles were utilized in the study. The cryomilled PET was sieved to a particle size <1 mm. Milling induced a reduction in PET T m to 246.6 • C and an increase in its X c to 20.5% (as measured via DSC). Sawdust (SD) from whitewood was collected from our workshop at the German Jordanian University and sieved to a particle size <1 mm. Poly(ε-caprolactone) (PCL) powder (Capa ® 6506), which was kindly supplied by Perstorp, UK, was added as a biodegradable plasticizer. Capa ® 6506 powder has a reported density of 1.1 g/cm 3 (at 60 • C), a T m of 58-60 • C, and a particle size of less than 600 µm. Before compounding the mixture samples, both PET powder and wood were dried in an oven at 60 • C for 48 h to eliminate moisture. Thereafter, PET/PCL/SD powders at different volume fractions were compounded by cryogenic solid-state milling in the Retsch Cryomill for a total of 22.5 min (9 cycles of 2.5 min of milling followed by 0.5 min of intermediate cooling).
Preparation of rPET WPC Films
The compounded powders were dried in an oven at 40 • C for 48 h to remove moisture prior to melt processing. Subsequently, powder samples were consolidated by hot flat pressing between Teflon sheets in a Carver bench-top laboratory press (Carver, Inc., Wabash, IN, USA) at 260 • C and approximately 20 kN for 30 s to make film samples. It should be noted here that processing parameters were chosen after numerous trials to produce films with good physical integrity and homogeneity based on visual inspection. The presence of air voids, attributed to de-wetting and moisture in some WPC films, especially with increasing wood content, was very challenging to eliminate within the process capabilities. Furthermore, the high melting temperature of the PET was a huge obstacle. Hence, time of compression pressing and molding material (Teflon) were so critical for the success of the fabrication. Films were designated based on their composition (e.g., rPET/PCL/SD 40/30/30 ). Specimens were cut into rectangular and circular shapes for the respective characterization tests.
Mechanical Properties of rPET WPC Films
Three rectangular specimens (6 mm width × 80 mm length) were cut from each formulation for tensile testing. Test specimens were conditioned for at least 24 h before conducting the test (23 ± 2 • C and 50 ± 5% RH). Thicknesses of films were measured using a micrometer (Mitutoyo, Kawasaki, Japan) from at least five random positions on each film. The mean thickness value was used for the stress calculations. Tests were carried out on a Testometric universal tensile testing machine (Testometric Co. Ltd., Rochdale, UK) at a crosshead speed of 1 mm/min, 30 mm gauge length, and at room temperature. Young's modulus of elasticity, ultimate tensile strength, and ductility (percentage elongation at break, EL%) were calculated from resulting force-elongation data using OriginPro 8.5 software (OriginLab Corporation, Northampton, MA, USA). The presented results are average values of the three measurements for each formulation.
rPET WPC Film Interaction with Water
The bulk water absorption (water uptake) and thickness swelling were measured as indicators of bulk hydrophilic behavior of composites. Disc samples of 25 mm diameter from each formulation were dried in a vacuum oven and dry weight (m dry ) and thickness (Th dry ) were measured. The weight and thickness of dried specimens were measured to a precision of 0.0001 g and 0.001 mm, respectively. Three samples from each composition were then completely immersed into distilled water and kept at room temperature. Wet weight (m wet ) and thickness (Th wet ) were measured after removing the excess water around the samples after a week. Water uptake (WU%) and percentage of thickness swelling (TS%) were calculated according to the following equations, respectively:
Results and Discussion
Preparation of rPET WPCs
Extrusion has been the dominant technology for compounding wood with plastics for producing final WPC products via extrusion or injection molding. However, the low degradation temperature of wood limits WPC applicability to polymers with low melting temperatures [10, 22] . The present study assessed the feasibility of cryogenic solid-state milling to compound and recycle PET and SD into WPC powders. It is postulated that cryomilling reduces the exposure time of wood to high temperatures and compounding provides a protection cover for wood intended for the subsequent processing steps. Furthermore, milling is hypothesized to improve the dispersion of SD and its interfacial adhesion with the polymers. Hot pressing was utilized as an inexpensive way for producing WPC test specimens on a laboratory scale. Hot pressing is a simple processing method that has been recently utilized for producing WPC panels with high fiber content and different densities at a lower cost in comparison with other methods, and products that are closely comparable to commercial medium density fiberboard (MDF) and particleboard, with no formaldehyde gas emissions [23] . The processability of rPET WPCs, i.e., the ability to obtain compounded powders and hot-pressed films with good physical integrity and homogeneity, was first investigated up to the highest possible SD content. Degradations and poor integrity were evaluated by visual observations and burning odors. Powders were milled with up to 70 vol.% of sawdust. However, films with 70 vol.% SD were incomplete and too brittle to handle. Those with 60 vol.% SD were too brittle to tensile test. Different visual and tactile effects were achieved ( Figure 1) ; specimen color homogeneity for all formulations implied that milling produced sufficiently homogenized dispersions of SD in the polymeric matrix. Specimens containing up to 30 vol.% SD demonstrated smooth surfaces. When the SD content in the polymer matrix increased, the appearance of the WPC approached that of natural wood and its surface roughness increased. Films with SD content greater than 30 vol.% occasionally showed traces of burn marks across their surfaces as well. Addition of 30 vol.% PCL did not result in significant visual differences with corresponding samples of the same SD content. 
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Extrusion has been the dominant technology for compounding wood with plastics for producing final WPC products via extrusion or injection molding. However, the low degradation temperature of wood limits WPC applicability to polymers with low melting temperatures [10, 22] . The present study assessed the feasibility of cryogenic solid-state milling to compound and recycle PET and SD into WPC powders. It is postulated that cryomilling reduces the exposure time of wood to high temperatures and compounding provides a protection cover for wood intended for the subsequent processing steps. Furthermore, milling is hypothesized to improve the dispersion of SD and its interfacial adhesion with the polymers. Hot pressing was utilized as an inexpensive way for producing WPC test specimens on a laboratory scale. Hot pressing is a simple processing method that has been recently utilized for producing WPC panels with high fiber content and different densities at a lower cost in comparison with other methods, and products that are closely comparable to commercial medium density fiberboard (MDF) and particleboard, with no formaldehyde gas emissions [23] . The processability of rPET WPCs, i.e., the ability to obtain compounded powders and hot-pressed films with good physical integrity and homogeneity, was first investigated up to the highest possible SD content. Degradations and poor integrity were evaluated by visual observations and burning odors. Powders were milled with up to 70 vol.% of sawdust. However, films with 70 vol.% SD were incomplete and too brittle to handle. Those with 60 vol.% SD were too brittle to tensile test. Different visual and tactile effects were achieved ( Figure 1) ; specimen color homogeneity for all formulations implied that milling produced sufficiently homogenized dispersions of SD in the polymeric matrix. Specimens containing up to 30 vol.% SD demonstrated smooth surfaces. When the SD content in the polymer matrix increased, the appearance of the WPC approached that of natural wood and its surface roughness increased. Films with SD content greater than 30 vol.% occasionally showed traces of burn marks across their surfaces as well. Addition of 30 vol.% PCL did not result in significant visual differences with corresponding samples of the same SD content. To demonstrate the potential of these composites in high temperature processing, thermogravimetric analysis (TGA) studies were carried out on some samples from 30 °C to 300 °C using a Netzsch TG209 F1 Libra thermogravimetric analyzer in tared open aluminium pans under N2 environment (20 cm 3 /min) at a heating rate of 10 °C/min. The results of the evaluation of the onset loss temperature (T0.5%) and percentage mass loss at 300 °C for different compositions are listed in To demonstrate the potential of these composites in high temperature processing, thermogravimetric analysis (TGA) studies were carried out on some samples from 30 loss temperature (T 0.5% ) and percentage mass loss at 300 • C for different compositions are listed in Table 1 . Compared to reported PET onset of degradation temperatures, the rPET shredded bottle sample had a low onset temperature (T 0.5% = 218.3 • C). Milling induced an approximately 108 • C reduction in onset degradation (T 0.5% = 110.6 • C); this could be attributed to PET amorphization and/or chain scission [43] . However, blending with 30 vol.% PCL resulted in an approximately 55 • C reduction in onset temperature to T 0.5% = 163.8 • C compared to the shredded rPET sample, which is higher than that of the purely milled rPET sample. The former could be attributed to the PCL plasticizing effect [42] , lower thermal stability of PCL, and incompatibility between the two polymers. The latter may be ascribed to the PCL plasticizer forming a protection cover for rPET during milling. The addition of 10 vol.% SD enhanced the thermal stability of the milled polymer; however, the T 0.5% temperatures decreased with increasing SD content from 10 vol.% to 30 vol.%. The former may be explained by a crystallization effect of the low amount of SD content, which is well protected by the polymers. The latter could be attributed to agglomeration of SD and its lower thermal stability. More investigations are required to affirm the conclusions. Mass loss at 300 • C complemented the results, showing that an amount of 30 vol.% SD caused a reduction in the composite's thermal stability (T 0.5% (rPET/SD) = 159.4 • C and mass loss at 300 • C > 3%) with PCL inducing a more pronounced degradation (T 0.5% = 52.9 • C and mass loss at 300 • C > 15%). 
Mechanical Properties of rPET WPCs
To explore the influence of sawdust content and PCL on the mechanical properties of recycled PET, samples at different SD contents were tested. Figure 2 illustrates sample stress-strain curves; tensile properties derived from stress-strain curves at different SD contents, with and without PCL (30 vol.%) are shown in Figure 3 . The graphs clearly demonstrate that the addition of PCL to recycled PET significantly lowered its tensile properties. This could be attributed to immiscibility and poor compatibility between PET and PCL at that level of loading. Similarly, Xia et al. [44] have utilized polylactide (PLA) as a plasticizer in PET/PLA blends and found that the PLA concentration has a considerable effect on lowering the mechanical properties as well as the thermal stability of blends. In reference to the composite's tensile properties, the tensile modulus appears to increase up to approximately 1150 MPa and 700 MPa at approximately 25 vol.% SD without and with PCL addition, respectively; then decreases with increasing SD content. However, as SD content increased, the tensile strength of composites generally decreased. Ductility, on the other hand, decreased almost exponentially with SD content, with PCL slightly enhancing the ductility at higher SD loadings (>15 vol.%). A statistical mixture experiment was designed and conducted to evaluate the effects and interactions of components on the tensile properties of the WPCs by using response surface methodology. The experimental design and statistical analysis were done with Minitab software (version 17.1.0, Minitab Inc., State College, PA, USA). The rPET WPC mixture system consists of three components: rPET, PCL, and SD. The SD and PCL proportions were constrained based on the aforementioned preliminary experimental results. The lower and upper limits of the experimental range are shown in Table 2 . The generated design included 32 different formulations with 10 A statistical mixture experiment was designed and conducted to evaluate the effects and interactions of components on the tensile properties of the WPCs by using response surface methodology. The experimental design and statistical analysis were done with Minitab software (version 17.1.0, Minitab Inc., State College, PA, USA). The rPET WPC mixture system consists of three components: rPET, PCL, and SD. The SD and PCL proportions were constrained based on the aforementioned preliminary experimental results. The lower and upper limits of the experimental range are shown in Table 2 . The generated design included 32 different formulations with 10 A statistical mixture experiment was designed and conducted to evaluate the effects and interactions of components on the tensile properties of the WPCs by using response surface methodology. The experimental design and statistical analysis were done with Minitab software (version 17.1.0, Minitab Inc., State College, PA, USA). The rPET WPC mixture system consists of three components: rPET, PCL, and SD. The SD and PCL proportions were constrained based on the aforementioned preliminary experimental results. The lower and upper limits of the experimental range are shown in Table 2 . The generated design included 32 different formulations with 10 formulations replicated twice. Thus, the total number of runs was 42. Three rectangular specimens were cut from each formulation for tensile testing as described in Section 2.3, and averaged tensile responses were used in the analysis. After data collection, regression analysis with stepwise, forward, and backward elimination methods for model selection (α-to-add/remove = 0.10) on Scheffe's canonical models was used to model the responses. The final selected model results are summarized in Table 3 . Surface and contour plots are shown in Figure 4 . It is should be acknowledged here that the solid grey outline represents the design space for this mixture design; these models are uncertain outside of the design space. According to the regression output, all model terms were significant (p-value < 0.05). In addition, the lack of fit (p-value > 0.05) was not significant for any of the response surface models. Yet, the coefficients of determination (R 2 , adjusted-R 2 (Adj-R 2 ), and prediction-R 2 (Pred-R 2 )) indicate fair fits, with models explaining 58.93%, 57.04%, and 67.20% of the variability in the tensile modulus, strength, and ductility, respectively. This is attributed to the variability in the data ascribed to the occasional presence of air voids, poor compatibility between components, and high stress concentrations at wood edges in the samples. Though the models are quite involved and difficult to interpret, from the model coefficients, one can also conclude that PCL and SD contribute negatively to tensile modulus According to the regression output, all model terms were significant (p-value < 0.05). In addition, the lack of fit (p-value > 0.05) was not significant for any of the response surface models. Yet, the coefficients of determination (R 2 , adjusted-R 2 (Adj-R 2 ), and prediction-R 2 (Pred-R 2 )) indicate fair fits, with models explaining 58.93%, 57.04%, and 67.20% of the variability in the tensile modulus, strength, and ductility, respectively. This is attributed to the variability in the data ascribed to the occasional presence of air voids, poor compatibility between components, and high stress concentrations at wood edges in the samples. Though the models are quite involved and difficult to interpret, from the model coefficients, one can also conclude that PCL and SD contribute negatively to tensile modulus and strength; however, they have higher magnitude synergistic interactions. On the other hand, PCL contributes positively to ductility, while SD has a negative effect and they have a higher magnitude, but antagonistic interaction. SD is known to reduce the mechanical properties of WPCs due to its incompatibility with polymeric matrices, non-uniform dispersion, poor fiber-matrix adhesion, and stress concentration effects at its corners [45] . Residual plots (Figures S1-S3 in the Supplementary Material) were generated to assess the model's adequacies; they all show no significant indications of inadequate model assumptions.
Water Absorption Properties of rPET WPCs
Water absorption in WPCs occurs in the regions of wood due to its hydrophilicity and in the gaps and flaws at the interfaces between the wood and the polymer. It was hypothesized that milling reduces the gaps and provides better wood encapsulation. Samples from the statistically designed mixture experiment were used to describe the general water interaction properties of the rPET WPCs and to evaluate the effects and interactions of components on the composites. The results are summarized in Figure 5 and Table 4 . Both water uptake and thickness swelling generally increased with increasing SD content. The addition of PCL to the mixture generally decreased water uptake. This is attributed to the hydrophobic property of PCL. Variability within the same composition may be attributed to defects in the samples, where the presence of air voids may have contributed to higher swelling values. It is worth mentioning also that negative values were occasionally encountered when dealing with thickness swelling; these data points were eliminated. They are associated with pressure being applied on the micrometer during measurements.
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Comparison with Literature Reports
To establish the potential and advantages of the cryomilling compounding step, our results are compared with similar composites reported in the literature as demonstrated in Table 5 . Despite the vast disparity in reported outcomes; different polymers, wood types, and additives; different fabrication approaches; and different sample shapes, film rPET WPCs prepared via cryogenic solid-state compounding without any coupling agent seem to provide reasonable mechanical and water interaction properties compared to MDF and other WPCs for various WPC applications. However, the use of additives like coupling agents could further enhance the properties of the resultant rPET WPCs. [23] rPET/SD (40 wt%) 2.01 ± 0.11 --13.8 ± 1.46 2 5.7 ± 0.15 2 [23] rPET/SD (50 wt%) 1.89 ± 0.06 --16.7 ± 0.73 2 8 ± 0.7 2 [23] rPET/SD (60 wt%) 1.73 ± 0.04 --21.3 ± 1.09 2 8.1 ± 0.71 2 [23] rPET/SD (70 wt%) 1.43 ± 0.09 --29.5 ± 0.59 2 10 ± 0.4 2 [37] PET/SD (10%) -15.24 --- [37] PET/SD (20%) -11.64 ---1 our test results, equivalent composition is given in wt%, immersion for one week. 2 immersion for 24 h. 3 immersion time was not reported. 4 MDF = medium density fiberboard; PVC = polyvinyl chloride; PP = polypropylene; rPP = recycled polypropylene
Conclusions
Although the production and marketing of WPCs are quite huge, the challenges of their production are still extensive. Using a different compounding approach by means of cryomilling for solid-state compounding and compression molding for sample preparation, this study aimed to eliminate some of the challenges involved in WPC production. We examined a very challenging WPC product consisting of rPET and wood sawdust waste, which are major components of waste and offer great opportunities as recycled ingredients in WPCs. The fabrication of rPET WPC films was successful up to 60 vol.% SD; however, time of compression molding and mold material were very critical for the success of the film fabrication. From tensile test results, SD content of approximately 25 vol.% was optimal for the best combination of properties. PCL, which was introduced as a biodegradable plasticizer, proved to be a good additive to increase the ductility of specimens containing >15 vol.% SD while simultaneously decreasing water uptake. Mixture experiments were used to systematically analyze the effects of composition on the rPET WPC properties. The overall compositions significantly affected water absorption, thickness swelling, tensile strength and modulus, and maximum strain. Comparison with literature data revealed good WPC properties. In conclusion, cryomilling has good prospects in the production of WPCs.
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